This aim of this study was to explore the role of miRNA-146a (miR-146a) and its target genes in endothelial cells. We demonstrated that lipopolysaccharide (LPS) induced the upregulation of miR-146a in human umbilical vein endothelial cells (HUVECs), and that the induction was blocked by silencing toll-like receptors, the adaptor molecule MyD88, and the nonspecific NF-B inhibitor BAY 11-7082. In addition, knockdown of miR-146a by transfection of the locked nucleic acid antimiR-146a significantly inhibited LPS-induced cell migration and tube formation. A combined analysis of bioinformatics miRanda algorithms and a whole genome expression microarray of immunoprecipitated Ago2 ribonucleoprotein complexes identified 14 potential target genes. Subsequent transfection with the miR-146a precursor pre-miR-146a into HUVECs validated that CARD10 was the target gene of the miR-146a, both at the mRNA and protein levels. Silencing CARD10 inhibited p65 nuclear translocation in the cells receiving LPS stimulation and increased angiogenesis. Therefore, miR-146a may play a role in regulating the angiogenesis in HUVECs by downregulating CARD10, which acts in a negative feedback regulation loop to inhibit the activation of NF-B that normally impairs angiogenesis.
Treating endothelial cells with lipopolysaccharide (LPS) results in endothelial activation and the expression of a variety of pro-inflammatory, pro-coagulant, and cytoprotective genes (Dauphinee and Karsan, 2006 ) via a receptor complex consisting of toll-like receptor 4 (TLR4), CD14, and myeloid differentiation protein 2. The activation of TLR4 leads to the stimulation of both myeloid differentiation factor (MyD88) dependent and independent pathways (Takeda and Akira, 2004) . The recruitment of the adaptor protein MyD88 initiates a MyD88-dependent pathway with downstream activation of nuclear factor-B (NF-B), mitogen-activated protein kinase (MAPK), and phosphatidylinositol 3-kinase (PI3K)/Akt to regulate the balance between cellular viability and inflammation (Dauphinee and Karsan, 2006) .
MicroRNAs (miRNAs) are ∼22-nt-long small regulatory RNA molecules that modulate the activity of specific mRNA targets, and play important roles in a wide range of physiological and pathological processes (Kloosterman and Plasterk, 2006; Stefani and Slack, 2008) . miR-146a was originally discovered during a systematic study to identify miRNAs that play a potentially important role in the innate immune response to microbial infection (Taganov et al., 2006) . It is induced in response to LPS-induced TLR-4 activation in human umbilical vein endothelial cells (HUVECs) (Angel-Morales et al., 2012) , the human monocyte THP-1 cell line (Honda et al., 2012; Taganov et al., 2006) , and human gingival fibroblasts (Xie et al., 2013) . Transcriptional studies have shown that TLR4-mediated miR146a expression is predominantly driven by NF-B (Cameron et al., 2008; Taganov et al., 2006) . Observations that the expression of IRAK1, TRAF6 (Bhaumik et al., 2008; Hou et al., 2009; Huang et al., 2012; Jazdzewski et al., 2008; Perry et al., 2008; Taganov et al., 2006) , and IRAK2 (Hou et al., 2009 ) is downregulated, and the release of the IL-1␤-induced chemokines IL-8 and RANTES (Perry et al., 2008 ) is inhibited following miRNA-146a overexpression, also led to the hypothesis that miR-146a expression is part of a negative feedback loop that inhibits NF-B activation (Bhaumik et al., 2008; McMillan et al., 2013; Perry et al., 2008) . In addition, the overexpression of miR-146a reduced the expression of genes such as IL-8, IL-23A, CCL5, CSF-1, and PDGFB that increase cell proliferation, adhesion, and angiogenesis (Perry et al., 2008) .
There is now increasing evidence to suggest that miR-146a is involved in the regulation of the innate immune response (Chan et al., 2013; Iyer et al., 2012; Montagner et al., 2013; Saba et al., 2012) . However, little is known about its target genes, and its role on angiogenesis in endothelial cells. The aim of this study was therefore to assess the effect of LPS-induced miR-146a on angiogenesis in HUVECs, and to identify target genes using 316 RAU ET AL. a combined approach of computational prediction and whole genome microarrays of immunoprecipitated Ago2 ribonucleoprotein complexes.
MATERIALS AND METHODS
Culture of HUVECs. HUVECs were obtained from the Bioresource Collection and Research Center, Taiwan, and cultured in Medium 199 supplemented with 50 U/ml penicillin (Invitrogen, San Diego, CA), 50 U/ml streptomycin (Invitrogen), and 50 ml endothelial cell growth supplement (Upstate, Temecula, CA), adjusted to contain 2.2 g/l sodium bicarbonate and 10% fetal bovine serum (FBS) (Gibco, Grand Island, NY). Cells were incubated at 37
• C in a humidified atmosphere containing 5% CO 2 . HUVECs were seeded onto 6-cm or 10-cm dishes for treatment with LPS (L3755; Sigma, St Louis, MO) in subsequent experiments. All groups of experiments were performed in sextuplicate, unless otherwise indicated. Importantly, all data analyses were blinded.
RNA and miRNA isolation and preparation. Total RNA was extracted using Trizol Reagent (Invitrogen), followed by an RNeasy Mini Kit (Qiagen, Germantown, MD). The quantity of purified RNA was evaluated by measuring the absorbance at 260 nm using the SSP-3000 Nanodrop spectrophotometer (Infinigen Biotechnology, Inc., City of Industry, CA), and qualified using a Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA). The miR-146a cDNA (10 ng) was obtained using a TaqMan miRNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA), where miRNA was reverse transcribed into only hsa-miR-146a using sequence-specific stem-loop primers for quantitative real-time polymerase chain reaction (qRT-PCR) reactions.
Inhibition of MyD88/NF-B and CARD10. For RNA interference studies, a silencer siRNA duplex targeting the mRNA sequences of human MyD88 (siRNA-MyD88-823) and of human CARD10 (siRNA-CARD10-s26577) as well as the control siRNA duplexes (siRNA-scramble) were purchased from Applied Biosystems. For siRNA transfections, 1 × 10 6 cells were seeded into 10-cm dishes with complete medium at ∼50% confluence the day before transfection. Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA) was diluted with Opti-MEM at a 1:50 ratio. Diluted siRNA and reagent were mixed gently, and incubated for 20 min at room temperature to allow siRNA-Lipofectamine RNAiMAX complexes to form. Five-hundred microliters of complex was then added to wells containing cells in M199 medium. Cells were incubated at 37
• C in a 5% CO 2 incubator for 24 h. The media containing the complexes were then removed, and replaced with complete medium with or without 1 g/ml LPS. The mRNA and protein expression of MyD88 were assessed 12 and 24 h later, respectively. PCR primers were designed with the following sequences: MyD88 F, 5 -GCATCACCACACTTGATGACC-3 and R, 5 -CGATGAGCTCACTAGCAATAGAC-3 ; CARD10 F, 5 -CCTGCTGGACATCCTAGAGC-3' and R, 5'-TGGTCTCGCTCCTTCTCAAT-3 ; and GAPDH F, 5 -CTCTCTGCTCCTCCTGTTCGAC-3 and R, 5 -TGAGCGATGTGGCTCGGCT-3 . To assess the effect of inhibiting NF-B activity on the induction of miR-146a, the expression of miR-146a in HUVECs exposed to 1 g/ml LPS for 24 h was measured after treatment with 3-30 M NF-B inhibitor BAY 11-7082 for 1 h.
Knockdown of miR-146a. The expression of miR-146a was knocked down by treating cells with locked nucleic acid (LNA) antimiR-146a (Exiqon, Vedbaek, Denmark), whereas control cells were treated with LNA-control (Exiqon). The LNAantimiR-146a molecules were synthesized as unconjugated and phosphorothioated mixed LNA/DNA oligonucleotides specific for knocking down hsa-miR-146a. LNA-control was designed with mismatched oligonucleotides for the seed region of known miRNAs to eliminate the interference during silencing. HUVECs were seeded at a density of 1 × 10 6 cells in 6-cm plates, treated with 1-25 nM LNA-antimiR-146a and LNA-control for 24 h, and the levels of miR-146a were measured using qRT-PCR to define the effective concentrations. An additional experiment using LNA-antimiR-146a was designed to evaluate the effect of miR-146a knockdown on cell viability, migration, and tube formation in HUVECs, as well as to identify target genes using a combined approach involving computational prediction and a whole genome microarray, as described below.
Overexpression of miR-146a. To overexpress the miR146a, HUVECs were transfected with pre-miR-146a precursor molecules (PM10722, Applied Biosystems) or the negative control oligonucleotides (pre-miR-control, Applied Biosystems) using the Lipofectamine RNAiMAX (Invitrogen) following the manufacturer's instructions. The effective concentrations of pre-miR-146a and pre-miR-control were determined from the concentration range of 10-50 nM for 24 h. The levels of miR-146a were then measured by qRT-PCR. Experiments using transfection of miR-146a precursors were designed to evaluate the effect of miR-146a overexpression on the expression of potential target genes identified from a combined approach of computational prediction and whole genome microarray of immunoprecipitated Ago2 ribonucleoprotein complexes.
Quantification of miR-146a expression. The expression of miR-146a was quantified by qRT-PCR, and compared with the expression of U6 small nuclear RNA ("U6 snRNA") as an internal control, using an Applied Biosystems 7500 Real-Time PCR System (Life Technologies). The induction was expressed as fold change in miRNA expression relative to control. Intergroup comparison was performed using analysis of variance (ANOVA) and an appropriate post-hoc test for multiple com- Ribonucleoprotein immunoprecipitation. RIP-ChIP (immunoprecipitation of RNA-induced silencing complexes with an Ago2-specific monoclonal antibody, followed by RNA extraction and quantification of mRNAs on microarrays) was used to identify the mRNAs that are associated with the RNA-silencing machinery, and are therefore targets of cellular miRNAs. Briefly, 100-g total protein was diluted in 200 l PBS (pH 7.4). For each sample, 25 l protein A/G-plus agarose (Santa Cruz, Dallas, TX) was washed with PBS and incubated with 2 g rabbit anti-Ago2 (Abcam, Cambridge, MA) or normal rabbit IgG (Santa Cruz) antibody for 2 h at 4
• C. The beads containing the immobilized antibodies were then added to 400 l of diluted protein sample, and incubated for 4 h at 4
• C. The beads were washed three times with 1% NT-2 buffer (1% Nonidet P-40, 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, and 2 mM EDTA), and the mixture was divided in two. Each sample was eluted in 600 l of lysis/binding buffer for total RNA extraction and the subsequent whole genome array.
Microarray analyses. Microarrays were carried out with the total RNA samples from Ago2 immunoprecipitates from HUVECs with or without treatment with 1 g/ml LPS for 24 h in the presence or absence of miR-146a knockdown by LNAantimiR-146a or LNA-control. All procedures were carried out following the manufacturer's instructions. Briefly, 0.5 g of total RNA was amplified using a Fluorescent Linear Amplification Kit (Agilent Technologies) and labeled with Cy3-CTP or Cy5-CTP (PerkinElmer, Waltham, MA) during in vitro transcription. RNAs from the experimental and control groups were labeled with Cy5 and Cy3, respectively. A total of 0.825 g of Cy-labeled RNA was fragmented to an average size of 50-100 nucleotides by incubation in fragmentation buffer (Agilent Technologies) at 60
• C for 30 min. The fragmented labeled RNA was then pooled and hybridized to an Agilent Whole Human Genome 4 × 44k oligo microarray (Agilent Technologies) at 60
• C for 17 h. After washing and drying using a nitrogen gun, microarrays were scanned using an Agilent microarray scanner (Agilent Technologies) at 535 nm for Cy3, and 625 nm for Cy5. Scanned images were analyzed using Feature extraction software 9.5.3 (Agilent Technologies), and image analysis and normalization software were then used to quantify the signal and background intensity for each feature. Data were normalized using the rank-consistency-filtering LOWESS method. All microarray data have been deposited into the Gene Expression Omnibus with the accession number GSE50619.
A combined approach to identify the potential target genes of miR-146a. The potential target genes of miR-146a were identified by combined analysis of the whole genome expression microarray data from the immunoprecipitated Ago2 ribonucleoprotein complex, and the web tool for bioinformatics miRanda algorithms (http://www.microrna.org). Genes that were upregulated twofold in the Ago2 ribonucleoprotein complex after treatment with LPS (compared with control), but were not upregulated after miR-146a knockdown (compared with LNAcontrol), were identified from the microarray data. In addition, miRanda algorithms were used to search for hsa-miR-146a targets. The overlap between the lists of mRNA transcripts from the microarray data and miRanda algorithms formed the potential genes regulated by miR-146a.
Detection of identified potential target genes expression.
The expression of potential target genes was quantified in cells overexpressing miR-146a precursor or control using qRT-PCR, and the expression was compared with GAPDH as an internal control. The primers used for each gene are listed in Table 1 . Data were presented as the fold change in mRNA expression compared with control. Intergroup comparisons were performed using ANOVA and an appropriate post-hoc test to compensate for multiple comparisons (SigmaStat). p values < 0.05 were considered significant.
Western blotting. Protein extracts were separated on 10% SDS-polyacrylamide gels, and transferred to nitrocellulose membranes. Membranes were blocked using nonfat milk in Tween-20/Tris-buffered saline (TBST), and incubated with monoclonal rabbit anti-MyD88, anti-CARD10, or human anti-␤-actin antibodies (Cell Signalling, Beverly, MA), followed by goat anti-rabbit horseradish peroxidase-conjugated secondary antibodies. In the presence or absence of transfection of 5-50 nM siRNA-CARD10 or siRNA-scramble for 24 h, the presence of p65 in the nucleus of the HUVECs was detected by Western blotting analysis with monoclonal rabbit anti-p65 antibody (Cell Signalling). The expression of target proteins was assessed using a FluorChem 8900 imaging system (Alpha Innotech, San Leandro, CA), and the intensity of each band was quantified using auto-background subtraction during spot density analysis using the AlphaEaseFC software (Alpha Innotech).
Detection of cell viability and apoptosis. Briefly, 1 × 10 6 HUVECs were grown in medium 199 supplemented with 10% FBS in 96-well flat-bottomed plates overnight. Cells pre-treated with 25nM LNA-antimiR-146a or LNA-control for 24 h were then exposed to 1 g/ml LPS for 24 h, and washed with 10% FBS-supplemented medium 199. Approximately 1× 10 4 cells were then used for the subsequent cell viability assay. At the end of 1-3 days incubation, cell viability was determined by adding 100 l of CellTiter-Glo luminescent reagent (Promega, Madison, WI) which produces light in direct proportion to the amount of ATP and viable cells present. The plate was then mixed for 2 min on an orbital shaker at 400 rpm and incubated at room temperature for a further 10 min, followed by luminescence recording on the GloMax-96 Microplate Luminometer (Promega). The presence of apoptotic cells was assessed by determining caspase activation using a Caspase-Glo 3/7 lumi- GGCTCGCAGATACGGAATTT AATCCAGTTGGTTCTGGCCC nescence assay kit (Promega). After incubation for 1-3 days, an equal volume of Caspase-Glo reagent was added. The plates were shaken at 500 rpm for 30 s, incubated for 1 h, and measured for luminescent output (relative light units, RLU) using the GloMax-96 Microplate Luminometer.
Cell migration assay. Cell migration assays were performed using a trans-well system (Corning Costar, Milpitas, CA), which allows cells to migrate through an 8-m pore sized polycarbonate membrane. Briefly, cells (5 × 10 5 cells/200 l) were transfected with 1-25nM LNA-antimiR-146a or LNA-control for 24 h, and treated with or without 1 g/ml LPS for 24 h. Additional 1 × 10 6 cells were transfected with 50 nM siRNA-CARD10 or siRNA-scramble for 24 h to measure the silencing effect of CARD10 on cell migration in the presence or absence of following exposure to 1 g/ml LPS for 24 h. They were then labeled with 1 g/ml calcein-AM, washed, and seeded into the upper chamber containing a filter, which was filled with DMEM containing 0.5% FBS. The lower chamber was filled with DMEM containing 10% FBS, and the cells were incubated at 37
• C for 6 h in 5% CO 2 . After 24 h, cells that were adhered to the membrane were removed using a cell scraper. Non-adherent cells were then washed, and adherent cells were quantified by measuring the fluorescence intensity in the wells using a fluorometer (Ex/Em = 485/520 nm).
Tube formation assay. HUVECs were seeded into a 96-well plate coated with 50 l Corning Matrigel (Corning Costar) per well in the presence of 1-25nM LNA-antimiR-146a or LNAcontrol for 24 h, and were then treated with 1 g/ml LPS. Additional 1 × 10 6 cells were transfected with 50nM siRNA-CARD10 or siRNA-scramble for 24 h to measure the silencing effect of CARD10 on tube formation in the presence or absence of following exposure to 1 g/ml LPS for 24 h. Tube formation was then quantified at 6 h by counting the tube-like structures in five randomly selected fields under an inverted phase contrast microscope (Olympus, IX71, Japan) at 40× magnification. Six independent experiments were performed, and the data are presented as the total number of tubes formed in each experiment.
RESULTS

LPS-Induced miR-146a Expression via MyD88/ NF-B Pathway
An approximate fivefold increase in the expression of miR146a was observed in response to treatment with 1-30 g/ml
FIG. 1. Expression of miR-146a in HUVECs after treatment with LPS. (A) Expression of miR-146a after treatment with 1-30 g/ml LPS for 8 h. (B)
Expression of miR-146a after treatment with 1 g/ml LPS for 72 h. Bars represent mean ± SEM of six independent experiments; **p < 0.01 versus control.
FIG. 2. LPS-induced expression of miR-146a in HUVECs requires the MyD88/NF-B pathway. (A)
The mRNA and protein expression of MyD88 after transfection with 50nM siRNA-MyD88 or control siRNA-scramble in the presence or absence of 1 g/ml LPS for 24 h. (B). Expression of miR-146a by 1 g/ml LPS for 24 h after knockdown of MyD88 using 50nM siRNA-MyD88 or siRNA-scramble control. Bars represent mean ± SEM of six independent experiments; **p < 0.01 versus LPS treatment alone. (C) Expression of miR-146a by 1 g/ml LPS for 24 h after treatment with 3-30M NF-B inhibitor BAY 11-7082 for 1 h. Bars represent mean ± SEM of six independent experiments; *p < 0.05, **p < 0.01 versus LPS treatment alone.
LPS for 8 h (Fig. 1A) . Treatment with 1 g/ml LPS resulted in significant induction of miR-146a by 8 h, with 18-fold and 30-fold increases at 24 h and 48 h, respectively, and the effects were maintained for at least 72 h (Fig. 1B) . Silencing MyD88 in HUVECs by transfection with 50 nM siRNA-MyD88, but not control, was confirmed at the mRNA and protein levels ( Fig.  2A) . Knockdown of MyD88 reduced 80% of the upregulated miR-146a in cells treated with LPS. In contrast, transfection with control siRNA had no effect on LPS-induced miR-146a upregulation (Fig. 2B) . Treatment with the nonspecific NF-B inhibitor BAY 11-7082 prior to LPS treatment also reduced the expression of miR-146a in a dose-dependent manner (Fig. 2C) .
Knockdown of miR-146a Did Not Interfere the Viability and Apoptosis of HUVECs Exposed to LPS
After transfection of HUVECs with LNA-antimiR-146a or LNA-control and subsequent incubation with LPS for 24 h, qRT-PCR analysis revealed dose-dependent specific silencing of miR-146a by 5 or 25nM LNA-antimiR-146a, but not LNAcontrol (Fig. 3) . A cell free CellTiter-Glo assay revealed that the percentage of viable cells increased in a time-dependent manner by around 1.5-fold, 2.0-fold, and 2.5-fold at 24, 48, and 72 h, respectively, in the cells treated with medium alone. The cell viability was not significantly changed by treatment with 1 g/ml LPS (Fig. 4A) . In addition, transfection with either LNAantimiR-146a or LNA-control for 24 h did not change the number of viable cells at 24, 48, and 72 h in cells exposed to LPS (Fig. 4A) . Furthermore, in cells cultured with medium alone, no 320 RAU ET AL.
FIG. 3.
Knockdown of miR-146a in HUVECs treated with LPS. The expression of LPS-induced miR-146a was assessed after transfection with either 1-25nM LNA-antimiR-146a or LNA-control for 24 h using RNAiMAX. Bars represent mean ± SEM of six independent experiments; *p < 0.05, **p < 0.01 versus LPS + RNAiMAX. significant change of the caspase-3/7 activity was found at 24 or 48 h, but an obvious 10% increase in caspase-3/7 activity was found at 72 h (Fig. 4B) . Upon 1 g/ml LPS treatment, around 20-25% increase in caspase-3/7 activity was found at 24-72 h. However, transfection with LNA-antimiR-146a or LNA-control did not change the caspase-3/7 activity of HUVECs receiving LPS treatment at 24, 48, or 72 h. (Fig. 4B) 
Knockdown of miR-146a Decreased LPS-Induced
Angiogenesis Transfection with LNA-antimiR-146a or LNA-control without LPS treatment did not significantly affect the number of migrated cells (Fig. 4C) . However, in cells treated with LPS, knockdown of miR-146a by transfection with LNA-antimiR146a significantly reduced LPS-induced cell migration (Fig.  4C) . Knockdown of miR-146a, but not treatment with control siRNA, also reduced LPS-induced migration by ∼70%. Importantly, transfection with LNA-antimiR-146a or LNA-control did not affect tube formation in the absence of LPS (Fig. 4D) . However, knockdown of miR-146a, but not treatment with control siRNA, significantly decreased LPS-induced tube formation by 60% (Fig. 4D) .
Identification of Potential miR-146a Target Genes
After transfection of HUVECs with LNA-antimiR-146a or LNA-control and subsequent incubation with LPS, total RNA samples from Ago2 immunoprecipitates were analyzed using a human whole genome array. The possible targets of the upregulated miRNAs were identified by combined analysis of miRanda algorithms, and the whole genome expression microarray experiments. Data were compared with two groups (LPS treatment vs. control, and LNA-antimiR-146a transfection with LPS treatment vs. LNA-control transfection with LPS treatment), and 14 transcripts (ier5l, kif22, hdac7a, btg2, vwce, nfix, zdhhc12, mettl7a, tspan14, mvd, rad54l, card10, tff3, zdhhc13) were identified as potential target genes of miR-146a (Table 1) .
FIG. 4.
The effect of miR-146a on HUVECs. (A) An ATP-based detection assay was used to assess cell viability at 24-72 h after treatment with 1 g/ml LPS in the presence of 25nM LNA-antimiR-146a or LNA-control for 24 h. (B) Cellular apoptosis was assessed by the activities of cellular caspase-3/7 at 24 to 72 h after treatment with 1 g/ml LPS in the presence of 25nM LNA-antimiR-146a or LNA-control for 24 h. (C) The number of cells migrated through a trans-well 8-m pore sized polycarbonate membrane after treatment with 1 g/ml LPS in the presence of 1-25 nM LNA-antimiR-146a or LNA-control for 24 h. (D) Tube formation in cells treated with 1 g/ml LPS treatment in the presence of 1-25 nM LNA-antimiR-146a or LNA-control for 24 h. Bars represent mean ± SEM of six independent experiments; *p < 0.05, **p < 0.01 versus medium alone (viability and apoptosis) or LPS treatment alone (cell migration and tube formation).
Validation of CARD10 as the Target Gene by Transfection with miR-146a Precursor
To validate the target genes, miR-146a precursor was transfected into HUVECs to overexpress miR-146a and investigate its effect on the potential target genes. Cells were transfected with pre-miR-146a or pre-miR-control, and qRT-PCR analysis was used to demonstrate the overexpression of miR-146a by 5-, 15-, and 18-fold by transfection with 10, 25, and 50nM pre-miR146a, respectively (Fig. 5A) . Transfection with pre-miR-control had no effect on miR-146a expression. HUVECs were transfected with pre-miR-146a or pre-miR-control, and total RNA was harvested and analyzed by qRT-PCR for the expression of the 14 potential target genes compared with cells treated with media alone. The expression of only one gene, caspaserecruitment domain 10 (card10), was reduced in cells treated with pre-miR-146a but not control, suggesting that card10 is a target gene of miR-146a (Fig. 5B) . These data were confirmed by Western blotting, which revealed decreased protein levels of CARD10 in cells transfected with pre-miR-146a, but not premiR-control, compared with media alone (Fig. 5C ).
Silencing CARD10 Inhibited p65 Nuclear Translocation and Increased Angiogenesis
We found that treatment of 5-50 nM CARD10-specific siRNA resulted in a significant decrease of CARD10 at the mRNA and protein levels at 24 h later (Fig. 6A) . In the cells transfected with 50nM siRNA-CARD10, more than 97% of mRNA and protein of CARD10 were reduced at 24 h later. In contrast, transfection with 50nM siRNA-scramble had no effect on CARD10 expression. Silencing CARD10 by transfection with 5-50nM siRNA-CARD10, but not the control 50nM siRNA-scramble, significantly reduced the translocated p65 in the nucleus of HUVECs exposed to 1 g/ml of LPS in a dosedependent manner at 24 h later (Fig. 6B) . In addition, knock-FIG. 5. Expression of the identified target genes of miR-146a by transfection of miR-146a precursor into HUVECs. (A) The expression of miR-146a after transfection with 10-50nM miR-146a precursor pre-miR-146a, or pre-miR-control for 24 h in the presence of transfection reagent RNAiMAX. Bars represent mean ± SEM of six independent experiments; **p < 0.01 versus RNAiMAX alone. (B) The mRNA expression of 14 identified potential target genes of miR-146a by qRT-PCR after transfection with 50 nM miR-146a precursor pre-miR-146a or pre-miR-control (Mock) for 24 h. Bars represent mean ± SEM of six independent experiments; **p < 0.01 vs. control, which treated with only the culture medium. (C) Western blotting of CARD10 after the transfection of HUVECs with 50nM pre-miR-146a or pre-miR-control for 24 h. Bars represent mean ± SEM of four independent experiments; **p < 0.01 versus control.
down of the CARD10 in HUVECs by 50nM siRNA-CARD10 significantly increased the number of migrated cells by 80% in the HUVECs and 15% in the HUVECs exposed to 1 g/ml of LPS (Fig. 6C) . In contrast, in cells transfected with 50nM siRNA-scramble, no increase in cell migration was found. The transfection with 50nM siRNA-CARD10, but not the siRNAscramble, significantly increased the tube formation by 45% in the HUVECs and 15% in the HUVECs exposed to 1 g/ml of LPS (Fig. 6D ).
DISCUSSION
In this study, we demonstrated that LPS induces the expression of miR-146a in HUVECs via the MyD88/NF-B pathway. Inhibiting the upregulation of miR-146a reduced LPSstimulated angiogenesis and migration. In addition, the combined analyses of miRanda algorithms and whole genome expression microarrays of immunoprecipitated Ago2 ribonucleoprotein complexes, with subsequent validation by qRT-PCR, revealed that the CARD10 is a target gene of miR-146a. In addition, silencing CARD10 inhibited p65 nuclear translocation in the cells receiving LPS stimulation and increased angiogenesis.
CARD proteins play important roles in the regulation of signaling cascades, the best described of which is caspase-induced apoptosis (Hofmann et al., 1997) . However, CARD proteins also function as scaffolding molecules in other signaling pathways, including those that activate NF-B and induce inflammatory responses (Blonska and Lin, 2011; Jiang and Lin, 2012; Sun, 2010) . The CARMA (CARD-associated and membraneassociated guanylate kinase domain containing protein) family contains three proteins (CARMA1, CARMA2, and CARMA3) and plays an important role in the activation of NF-B (Blonska and Lin, 2011; Jiang and Lin, 2012; Sun, 2010) . CARMA1, -2, and -3 were initially identified based on their CARD domain using bioinformatics approaches, and named CARD11 (CARMA1), CARD14 (CARMA2 or Bimp2), and CARD10 (CARMA3, or Bimp1) (Jiang and Lin, 2012) , respectively. A signaling complex now referred to as the CBM signalosome, composed of a scaffolding protein (CARMA3), a linker protein (Bcl10), and an effector protein (MALT1), mediates the activation of the IKK complex and the subsequent NF-B activation downstream of a small number of G-protein Coupled Receptors (GPCRs) (Klemm et al., 2007; McAllister-Lucas et al., 2007; Wang et al., 2007) . CARMA3, Bcl10, and MALT1 are all also essential for thrombin to effectively stimulate the canonical NF-B pathway in endothelial cells (Delekta et al., 2010) . Although CARMA3 is specifically required for GPCR-induced IKK (Grabiner et al., 2007) , CARMA3 deficiency alters the polyubiquitination of the IKK complex, but does not affect signal-induced IKK phosphorylation (Grabiner et al., 2007) . Disruption of the CBM signalosome in endothelial cells has important pathophysiological consequences because it blocks the ability of thrombin to induce expression of the adhesion molecules ICAM-1 and VCAM-1, thus reducing the thrombin-dependent adhesion of monocytes to endothelial cells (Delekta et al., 2010) .
miR-146a-mediated downregulation of CARD10 at the mRNA and the protein level was previously reported in gastric cancer cells (Crone et al., 2012) . In addition, a mixture of siRNAs against CARD10 and other target genes of miR146a including photomorphogenic homolog subunit 8 (COPS8), interleukin-1 receptor-associated kinase 1 (IRAK1), and tumor 324 RAU ET AL.
FIG. 7.
Illustration of the pathways related the miR-146a induced by LPS and its target gene CARD10 to angiogenesis. LPS induces the expression of miR-146a in HUVECs via the MyD88/NF-B pathway. Upregulated miR-146a decreases the expression of its target gene CARD10, which inhibits the NF-B activation upon LPS stimulation and regulates the angiogenesis process. Therefore, miR-146a may regulate the NF-B pathway through a negative feedback loop involving the downregulation of CARD10. necrosis factor receptor associated factor 6 (TRAF6) (Crone et al., 2012; Grabiner et al., 2007; Sun and Yang, 2010) resulted in miR-146a-mediated inhibition of NF-B activity (Perry et al., 2008) . In addition, a combination of bioinformatic analyses and experimental procedures have indicated that miRNAs frequently participate in feedback loops with transcription factors to regulate their target genes (Gougelet and Colnot, 2013; Taganov et al., 2006; Tsang et al., 2007; Yang et al., 2013) . The overexpression of miR-146a after exposure to proinflammatory cytokines represses endothelial activation by inhibiting pro-inflammatory pathways (Cheng et al., 2013) and contributes to the suppression of the inflammatory response in LPS-induced acute lung injury (Zeng et al., 2013) . In this study, LPS induced miR-146a via the MyD88/NF-B pathway, which targeted CARD10, preventing CARD10-mediated activation of the NF-B pathway. NF-B activation in endothelial cells has been reported to block angiogenesis (Kisseleva et al., 2006) . In addition, the activity of many angiostatic proteins, including endostatin (Abdollahi et al., 2004; Tabruyn et al., 2009) , anginex (Tabruyn et al., 2009) , angiostatin (Tabruyn et al., 2009) , the 16-kDa N-terminal fragment of human prolactin (Tabruyn et al., 2003 (Tabruyn et al., , 2007 (Tabruyn et al., , 2009 , Neovastat (Gingras et al., 2004) , and platelet factor-4 (Yu et al., 2005) , is dependent on the activation of NF-B. miR-146a may therefore regulate the NF-B pathway through a negative feedback loop involving the downregulation of CARD10. Decreased expression of CARD10 inhibited further activation of NF-B and resulted in increased angiogenesis. In this study, knockdown of the CARD10 by siRNA significantly increased the cell migration and tube formation in HUVECs and in HUVECs exposed to LPS. Notably, in the condition of CARD10 knockdown, the increase of cell migration and tube formation is much less in the HUVECs treated with LPS than those without LPS (15% vs. 80% and 15% vs. 45%, respectively). This phenomenon may be explained by that, in the condition of low CARD10 expression, LPS-induced miR-146a would have less influence on angiogenesis by the CARD10 degradation. We had tried to illustrate the pathways relating the miR-146a induced by LPS and its target gene CARD10 to angiogenesis in Figure 7 .
One miRNA is expected to have many target genes. Additional target genes of miR-146a include IRAK1 (Taganov et al., 2006) , TRAF6 (Taganov et al., 2006; Wu et al., 2013) , protein kinase C epsilon (PKC⑀) , WASP family verprolin homologous protein 2 (WASF2), Rho-activated protein kinase (ROCK1) (Yao et al., 2013) , superoxide dismutase 2 (SOD2) (Ji et al., 2013 ), Notch1 (He et al., 2013 , STAT1 , prostaglandin E2 synthase-2 (PTGES-2) (Matysiak et al., 2013) , L1 cell adhesion molecule (L1CAM) (Hou et al., 2012) , and CARD10 (Crone et al., 2012) . In this study, the only one of these genes whose expression changed in microarray experiment was CARD10. Of note, the combined analysis of bioinformatics algorithm and a whole genome expression in this study did not identify the commonly predicted miR-146a targets IRAK-1 and TRAF6, which can also participate in feedback inhibition of NF-B activation (Taganov et al., 2006) . Some authors reported that no change in IRAK-1 and TRAF6 at the mRNA or protein levels was detected after upregulation of miR-146a in cells treated with IL-1␤ (Larner-Svensson et al., 2010) or phorbol 12-myristate 13-acetate (PMA) (Hsieh et al., 2010) .
However, this study has several limitations. It is known that whole genome arrays only have limited sensitivity and specificity. In addition, the efficiency of miR-146a knockdown by LNA-antimiR-146a, overexpression by precursor transfection, and the recovery of transcripts after Ago2 immunoprecipitation were all likely less than 100% (Arroyo et al., 2011) . These factors may all interrupt the data acquisition in this study.
In summary, the study demonstrated that LPS induced miR146a via the MyD88/NF-B pathway, which targets CARD10 and regulates angiogenesis in HUVECs through a possible negative feedback loop to inhibit the activation of NF-B.
FUNDING
Chang Gung Memorial Hospital (CMRPG890591 to C.-S.R.; CMRPG 8A0381, CMRPG 8A0382, CMRPG8C1001 to C.-H.H).
